Introduction
Systems Engineering (SE) processes comprise highly creative and knowledge-intensive tasks that involve extensive problem-solving and decision-making activities among interdisciplinary teams (Meinadier, 2002) . SE projects involve the definition of multiple artifacts that present different formalization degrees, such as requirements specification, system architecture, and hardware/ software components. Transitions between the project phases stem from decision making processes supported both by generally available domain and design knowledge. We argue that Knowledge about engineering processes constitutes one of the most valuable assets for SE organizations. Most often, this knowledge is only known implicitly, relying heavily on the personal experience background of system engineers. To fully exploit this intellectual capital, it must be made explicit and shared among project teams. Consistent and comprehensive knowledge management methods need to be applied to capture and integrate the individual knowledge items emerging in the course of a system engineering project. Knowledge management (KM) is a scientific discipline that stems from management theory and concentrates on the systematic creation, leverage, sharing and reuse of knowledge resources in a company (awas el al, 2003) . Knowledge management approaches are generally divided into personalization approaches that focus on human resources and communication, and codification approaches that emphasize the collection and organization of knowledge (McMahon et al. 2004) . In this work, we consider the latter approach for KM. Special focus is put on the comprehensive modeling of system engineering project knowledge. This knowledge partly resides in the product itself, while a lot of different types of knowledge are generated during the engineering processes. The background information such as why engineers came up with the final shape or geometry, what constraints were to be considered in engineering processes, and so on, can not be found either (Chan-Hong.P et al.2007) . In other words, most of design rationale either disappear or exist partially in the form of engineering documents. The analysis of current engineering practices and supporting software tools reveals that they adequately support project information exchange and traceability, but lack essential capabilities for knowledge management and reuse. ( C. Brandt et al., 2007) The recent keen interest in ontological engineering has renewed interest in building systematic, consistent, reusable and interoperable knowledge models (Mizoguchi et al. 2000 ) ( Kitamura, 2006) . Aiming at representing engineering knowledge explicitly and formally, and sharing and reusing this knowledge among multidisciplinary engineering teams, our work builds upon ontological engineering as a foundation for capturing implicit knowledge and as a basis of knowledge systematization. In this chapter we present our vision about the main building blocks of a semantic framework for knowledge capitalization and reuse in Systems Engineering domain. The key idea behind our proposal is a flexible ontology-based schema with formally defined semantics to enable the capture and reuse of system engineering experiences. The main contributions of this work can be summurized as follows:
-A generic ontological framework for system engineering knowledge modeling . The framework sets the fundamental concepts for a holistic System Engineering knowledge model involving explicit relationships between process, products, actors and domain concepts. -A Knowledge capitalization model: we focus on problem resolution records during project execution. We address this problem through the use of the formal framework for capturing and sharing significant know-how, situated in projects context. we introduce the concept of Situated Explicit Engineering Knowledge (SEEK) as a formal structure for capturing problem resolution records and design rationale in SE projects. -A Knowledge sharing model: we propose a semantic activation of potential relevant SEEK(s) in an engineering situation. The chapter is structured as folowing: the next section discusses key background information about System Engineering processes and knowledge management issues in SE setting. Section 3 discusses roles and representative examples of ontological engineering in SE. In section 4, we detail the ontological framework for system engineering knowledge modelling. Section 5, presents a formal approach for Situated Explicit Engineering Knowledge capitalization and sharing. Section 6, illustrates our proposal in a transport system engineering process. Section 7, discusses relevant related work.
Problem statement

System Engineering processes
System Engineering (SE) is an interdisciplinary approach to enable the realization of successful systems. It is defined as an iterative problem solving process aiming at transforming user's requirements into a solution satisfying the constraints of: functionality, cost, time and quality (Meinadier, 2002) . This process is usually comprised of the following seven tasks: State the problem, Investigate alternatives, Model the system, Integrate, Launch the system, Assess performance, and Re-evaluate. These functions can be summarized with the acronym SIMILAR: State, Investigate, Model, Integrate, Launch, Assess and Re-evaluate. (Bahill et al. 1998 ). This Systems Engineering Process is shown in Figure 1 . as the s is to can be held, and reasoned with. We use ontologies to describe the knowledge model in a formal representation language with expressive semantics. In order to determine the basic building blocks of the knowledge repository, we introduce the notion of "SEEK" Situated Explicit Engineering Knowledge as the smallest granularity in the system experience knowledge. "SEEK", represent an integrated structure that capture product and process knowledge in engineering situations in conformance to set of layered ontologies.
Background: Ontological Engineering
Ontologies are now in widespread use as a means formalizing domain knowledge in a way that makes it accessible, shareable and reusable (Darlington, 2008) . In this section, we review relevant ontological propositions for supporting engineering processes. In the knowledge engineering community, a definition by Gruber is widely accepted; that is, "explicit specification of conceptualization" (Gruber, 1993) , where conceptualization is "a set of objects which an observer thinks exist in the world of interest and relations between them". Gruber emphasizes that ontology is used as agreement to use a shared vocabulary (ontological commitment). The main purpose of ontology is, however, not to specify the vocabulary relating to an area of interest but to capture the underlying conceptualizations. ( Gruber, 1993) Uschold (Uschold& Gruninger, 1996) identifies the following general roles for ontologies:
-Communication between and among people and organizations.
-Inter-operability among systems.
-System Engineering Benefits: ontologies also assist in the process of building and maintaining systems, both knowledge-based and otherwise. In particular, o Re-Usability: the ontology, when represented in a formal language can be (or become so by automatic translation) a re-usable and/or shared component in a software system. o Reliability: a formal representation facilitates automatic consistency checking. o Specification: the ontology can assist the process of identifying a specification for an IT system. One of the deep necessities of ontologies in SE domain is, we believe, the lack of explicit description of background knowledge of modeling. There are multiple options for capturing such knowledge; we present a selection of representative efforts to capture engineering knowledge in ontologies. (Lin et al., 1996) propose an ontology for describing products. The main decomposition is into parts, features, and parameters. Parts are defined as a component of the artifact being designed". Features are associated with parts, and can be either geometrical or functional (among others). Examples of geometrical features include holes, slots, channels, grooves, bosses, pads, etc. A functional feature describes the purpose of another feature or part. Parameters are properties of features or parts, for example: weight, color, material. Classes of parts and features are organized into an inheritance hierarchy. Instances of parts and features are connected with properties component of, feature of, and sub-feature of. (Saaema et al,, 2005) propose a method of indexing design knowledge that is based upon an empirical research study. The fundamental finding of their methodology is a comprehensive set of root concepts required to index knowledge in design engineering domain, including four dimensions:
-The process description i.e. description of different tasks at each stage of the design process. -The physical product to be produced, i.e. the product, components, sub-assemblies and assemblies. -The functions that must be fulfilled by a particular component or assembly.
-The issues with regards to non functional requirement such as thrust, power, cost etc. (Kitamura& Mizoguchy, 2004) has developed a meta-data schema for systematically representing functionality of a product based on Semantic Web technology for the management of the information content of engineering design documents. An ontology that supports higher-level semantics is function-behaviour-structure (FBS) ontology (gero et al, 2006) . Its original focus was on representing objects specifically design artifacts. It was recently applied to represent design processes. For ontology reusability, hierarchies are commonly established; (Borst et al, 1997) propose the PhysSys ontology as a sophisticated lattice of ontologies for engineering domain which supports multiple viewpoints on a physical system Notwithstanding the promising results reported from existing research on SE ontologies, the reported ontological models don't provide a holistic view of the system engineering domain. They are either too generic or only focus on specific aspects of system representation. As development of ontologies is motivated by, amongst other things, the idea of knowledge reuse and share ability, we have considered a coherent reuse of significant ontological engineering work as complementary interrelated ontologies corresponding to the multiple facets of system engineering processes.
Ontological framework for knowledge modeling in System Engineering projects
In this section, our framework for knowledge modeling in system engineering projects is described. It structures the traces of engineering in the form of semantic descriptions based on a system engineering ontology. Section 4.1 introduces the so-called "SE general Ontology", Section 4.2. Describes the modeling layers considered for semantic knowledge capture and section 4.3 presents an engineering illustrative example.
SE general Ontology
We focus here on the knowledge modeling issue that is often considered as the first step in developing a knowledge management system. The aim of this process is to understand the types of data structures and relationships within which knowledge can be held and reasoned with. We use ontologies to describe the knowledge model by a formal representation language with expressive semantics. In order to determine the basic building blocks of the knowledge model, we introduce the notion of Situated Explicit Engineeing Knowledge "SEEK" as the smallest granularity in the system experience knowledge. The systems engineering project assets represent an integrated structure that captures product and process knowledge in engineering situations as an instance of loosely connected ontology modules that are held together by a general ontology for systems engineering. This general ontology is developed in domain, product, and process modules. The three levels are required to provide a comprehensive semantic model for the systems engineering project asset through an integrated representation of its semantic content, its structural content, and its design rationale. By instantiating these ontological concepts, concrete "SEEK" could be stored in a system engineering repository for future reuse. Furthermore, the ontology itself can serve as a communication base about the products and processes e.g. for exploring domain knowledge for system engineers.
-Domain facet: The domain ontology defines the specific domain concepts, attributes, constraints, and rules. It aims to capture formally a target system according to its different abstraction levels; in other words, for each engineering domain, the ontology defines a consensual semantic network to represent domain-specific requirements, functions, behavior and physical components, as well as their structural relationships (such as "is a" "part of") and their semantic relationships (such as "allocation"). For example, domain ontology for electric circuits might define, among other things, generic types of electric components such as transistor, connection relation among components, physical laws among physical quantities, functions of components, and allocation relations between components and functions. The product ontology contains concepts and relations that represent artifact types such as requirement documents, functional models, or conceptual schema. The product ontology provides logical structure and basic modeling constructs to describe engineering artifacts. This means that data can be extracted from domain ontology and packaged into an ontological constructed conceptual model or an engineering document. By formally relating modeling elements to domain concepts we could provide a systematic and semantic description of an engineering solution.
-Process facet: The process ontology contains concepts and relations that formally describe engineering activities, tasks, actors, and design rationales concepts (goals, alternatives, Domain facets : system abstractions levels Precision P ro b le m d o m a in o n to lo g y R e q u ire m e n t o n to lo g y F u n c tio n o n to lo g y B e h a v io r o n to lo g y C o m p o n e n t / p h y sic a l p a rts o n to lo g y arguments, and justifications for engineering decisions). Both the process and the product facets act as a formal logical structure for the systems engineering project asset. The domain facet provides semantic content for this structure. Both the process and the product facets act as a formal structure for the SEEK. The domain facet provides semantic domain values for characterizing this structure. Figure 4 , illustrates the relationships and the complementarily of our three modeling facets for comprehensively representing system engineering knowledge. Fig. 3 . Relationships between the three modeling facets in SE general ontology.
Multi-layered ontologies for SE knowledge modeling
While the ontological modules for domain, product, and process introduce general-level concepts that describe a systems engineering project asset, they need to be specialized and refined in order to provide an operational knowledge model for systems engineering projects. To this end, we introduce a layered organization of these ontological modules: a general ontology for system engineering, a specialized ontology for an engineering domain (such as automotive or information systems), and an application-specific ontology. Layers subdivide the ontology into several levels of abstraction, thus separating general knowledge from knowledge about particular domains, organizations, and projects. This allows all the engineering assets to be based on generic concepts while at the same time providing a mechanism to enable different stakeholders to define their own specific terminology and concept interpretation. By instantiating the most specific ontological concepts, concrete information items can be stored in a centralized project repository. Ontological concepts act as a semantic index for engineering artifacts. Each layer is defined along the two axes of abstraction and semantic links. Abstraction allows modeling a gradual specification of models that are more and more concrete, that is, from abstract system requirement to concrete system components. The semantic links define how the concepts within and between an ontology module are related to each other. Typical semantic links are subsumption relations, "part of" relations and traceability relations. For example, in an ontological module for a domain, the "part of" relation could be defined on physical components assemblies and a traceability relation (allocation) could be defined to map system functions onto physical components. Basically, knowledge in a certain layer is described in terms of the concepts in the lower layer. Figure 5 shows a hierarchy of ontologies built on top of SE general ontology. The first layer aims to describe super-concepts that are the same across all domains, it corresponds to the SE General ontology. The domain layer defines specializing concepts and semantic relations for a system engineering domain such as aeronautics. It integrates for examples domain theories and typical domain concepts that are shared in an engineering community. The application layer, presents specialized concepts used by specific system engineering organization, this is the most specialized level for knowledge characterization and acts as a systematized representation for annotating engineering knowledge projects. The fourth layer corresponds to semantic annotation on SE project assets defined using conceptual vocabulary from the application layer. In this way, all SE project assets are captured as formal knowledge models, by instantiating these ontological concepts. 
Illustrative example:
We describe a knowledge modeling scenario in the domain of aeronautics engines construction. As a single scenario cannot cover all the application possibilities, we focus in this example on the formal modeling of an engineering artifact as an instance of a domain facet excerpt. The association of a formal knowledge description to the engineering artifact in the figure 6, allows to retrieve it by a semantic search. This artifact is modeled as instances of the concepts "aircraft engine driven pump", "jet engine" and "hydraulic pump". A query formulated with the concept "pump" allows to retrieve this engineering artifact by reasoning on the subsuming relation between "pump" and "hydraulic pump". 
Situated Explicit Engineering Knowledge capitalization and sharing
In this section we further detail the experience management module of the framework. We address the dynamic aspect of engineering process with the aim to capture implicit knowledge, decision and argumentation over the proposed ontological based support for SE. Concentrating on providing knowledge items relevant to assist the human expert in solving knowledge-intensive tasks.
Our proposal relies on an explicit modeling of the relation between engineering situation, engineering goals, engineering alternatives and solutions.
The core of the model is denoted "SEEK": Situated Explicit Engineering Knowledge a formal pattern for representing knowledge in context. SEEK (s) are defined by instantiating the ontologies of the application layer.
Formal definitions
Before defining the Situated Explicit Engineering Knowledge, let us formalize the ontologies modules mentioned in section 4: we consider here two complementary ontologies : the system oriented ontology that corresponds to the domain facet and the context oriented ontology that corresponds to the product and the process facet. We are representing formally ontology as: O = (C,≤ C , R, ≤ R , A) consisting of a set of concepts C organized in a hierarchy with a subsumption relation ≤C, a set of semantic relations organized with ≤R, and a set of axioms stating restrictions on the conceptualization such as cardinalities, transitivity and constraints. Definition 1: System oriented ontology (OS) O S = (C S ,≤ C , R S , ≤ R , A S ) contains the background (domain) knowledge required to engineer a system. It systematizes domain knowledge according to different system abstraction levels. System ontology is organized as a network of modular sub-ontologies representing domainspecific requirements, functions and physical components, as well as their structural relationships (such as "is a" "part of") and their semantic relationships (such as "allocation"). Ca is a set of ontological concepts.
Ra is a set of ontological relations.
-I is a set of tuple (c,r), with : c Ca and r Ra. A semantic annotation is defined as a set of ontological concepts and semantic relations instances. We use semantic annotation to express a particular modeling choice or a particular engineering situation. Figure 7 , shows an example of semantic annotation defined over a system ontology fragment. between a formal language and a graphical language because it is visual and has a sound reasoning model. In the conceptual graph (CG) formalism, the ontological knowledge is encoded in a support. The factual knowledge is encoded in simple conceptual graphs. An extension of the original formalism (Baget, 2002) denoted "nested graphs" allows assigning to a concept node a partial internal representation in terms of simple conceptual graphs.
To represent SEEK (s) in conceptual graph formalism we use this mapping: -The context ontology and the system ontology are represented in a conceptual graph support. -Each semantic annotation is represented as a simple conceptual graph.
-A SEEK is a nested conceptual graph, where the concepts engineering situation, engineering goal, alternative solution, engineering solution are described by means of nested CG. This generic model has to be instantiated each time an engineering decision occurs in a project process. Figure 8 describes a SEEK model as a nested conceptual graph. 
Knowledge sharing model
We aim to provide a proactive support for knowledge reuse. In such approaches (Abecker et al., 1998) queries are derived from the current Work context of application tools, thus providing reusable product or process knowledge that matches the current engineering situation. Finding a matching between an ongoing engineering situation and goal and a set of capitalized SEEK(s) relies on a standard reasoning mechanism in conceptual graphs: the projection. Let's remind the projection operation as defined by ( Mugnier &Chein, 1992) Mugnier and Chein Projection ( Mugnier &Chein, 1992) Given two simple conceptual graphs G and H, a projection from G to H is an ordered pair of mappings from (RG, CG) to (RH, CH ), such that: -For all edges rc of G with label i, Π(r) Π(c) is an edge of H with label i. -r RG, type (Π(r)) <= type(r); c CG, type (Π(c)) <= type(c). There is a projection from G to H if and only if H can be derived from G by elementary specialization rules Using the projection, the reasoning system is able to find not only descriptions of experiences that are annotated by exact concepts and relationships but also those annotated by subtypes of these concepts. Besides, to search with imprecise and/or incomplete experiences or to answer a vague query, approximate projections can be used. We also work on an extension to conceptual graphs projection in order to take into account partial (part-of) engineering situation matching. Our ultimate goal consist in defining an approximate situation matching, having as result a partial ordering on the SEEK (s) according to their relevance for the current engineering situation.
Case study: automated transport sub system.
This section presents a case study of ontology based modeling for situated engineering experience. The application domain is automatic transport sub system: an automated wagon. As an example, we consider a typical component allocation process of this sub systeme. We assume that the sub system's functional view is represented by the data flow diagram (DFD) depicted in figure 9. The main functions considered are: capture speed, capture position, control movement, propel, break, and contain travelers. The DFD is a result of structured functional decomposition of the initial requirement: "to transport travelers from one point to another". The design know-how including such functional knowledge used in the conceptual design phase is usually left implicit because each designer possesses it. In complex engineering domains, this implicit knowledge could play a crucial role for systematizing conceptual design. As multidisciplinary teams (mechanical, electrical, software developer..) often work concurrently on a single system, it would be beneficial to have an agreement about functional concepts describing a family of system in a unambiguous and explicit manner. The system functions should be mapped to the physical components. Functions mapping to physical components can be one to one or many to one. In addition Physical solution is constrained with non functional requirements (or soft goals) such as: system performance with attributes of travel duration, facility, acceleration limitation, comfort, and reliability. Each physical solution choice raises a set of possible engineering alternatives. The global requirements are traded-off to find the preferred alternatives. An intricate interplay usually exists among alternatives. For example, the functions speed capture and position estimation choosing inertial station that delivers the speed as well as the position, for implementing the function speed capture would restrict the engineering choices to exclude specific transducers. Given a specific function set, it would be helpful for novices' engineers to find the corresponding physical components as well as the constraints about function allocation choices. Like in the functions decomposition context, this knowledge is scattered in a huge mass of engineering documents, and thus not explicitly modeled. We argue that an explicit representation of the links between components and functions could improve the quality of the allocation process. Furthermore, designers usually wish to reuse captured design knowledge to adapt past solutions and apply these to current problems, and novice designers may wish to understand lessons from previous experiences. In this case, a machine readable representation of engineering decision trace during projects should enable effective reuse of previous decisions. To address these issues, we draw upon ontological engineering for providing a systematic basis for domain engineering knowledge and using it as a foundation for describing engineering choices and tradeoffs emanating from previous projects. To illustrate the use of the proposed ontological framework to define a Situated Engineering Knowledge, we use the ontologies excerpts depicted in figure 10 and 11 .
-The OS fragment captures the functional and the structural facet -The OC fragment captures the process and the product facet. In this example, we adopt a recommended process (leblanc, 2008) for SE with SysML modeling language. Using these sub ontologies we can describe the SEEK for a design decision of a speed and position capture sub system of an automated wagon, subject to a particular non functional requirement of reliability. The SEEK model is shown in figure 12 . If we consider a new engineering situation, described by the same contextual ontology, and aiming at allocating the function "move" for an automated wagon. The capitalized SEEK is matched with this engineering situation by taking the specialization relation between ontological concepts into account. 
Related work
Most of the existing SE tools still lack essential aspects needed for supporting knowledge capitalization and reuse during projects processes. Some recent research projects try to address this issue in specific engineering domains. To our knowledge, there is no generic framework for knowledge management in SE domain. We discuss, here some related works to our researches. As system engineering domain provides a generic methodological scheme to several engineering domain, we discuss some approaches from the software engineering and design engineering (sub)-domains. In the software engineering domain Efforts such as, REMAP (Ramesh et al., 1992) , REFSENO (Tautz et al., 1998) and BORE (Henninger, 1998) can be regarded as the main research stream that contributes to software knowledge management. However, the knowledge models employed by these approaches vary. REMAP and REFSENO are the closest efforts to our approach. REMAP also installs argumentations as an embedded component similar to our knowledge model, but our model extends REMAPS characterization of what is considered to be a system engineering knowledge asset. In the design engineering domain, (Kim et al., 2001 ) have integrated concepts of artificial intelligence into commercial PDM systems. The software is based on a dynamic and flexible workflow model, as opposed to the deterministic workflows seen in most commercial PDM applications. A built-in workflow management system enables the integrated management of task processes and information flows. The system can be searched by means of a semantic query and manipulation language. However, the system relies on prescriptive process definitions which require relatively well-understood and well-documented processes. As this does not apply to conceptual process engineering, this approach must be extended to ill structured processes. (gao et al, 2003) Describes an integration of a PDM system with ontological methods and tools. The Protégé ontology editor is combined with a commercial PDM system to provide knowledge management capabilities for the conceptual design stage. In an associated research project, a graphical interface for user-friendly knowledge acquisition has been developed. In contrast to our approach experience knowledge is not recorded. Again, this approach relies on a domain where the processes are better understood than in system engineering. (Kopena & Regli, 2003) Have designed ontology for the representation of product knowledge. A Core Ontology defines the basic structure to describe products from a functional view. Vocabulary extensions describe the domain of electromechanical devices. The model representation is based on a Description Logic (DL) system with low expressivity to achieve good computability and scalability. In this work, only product description facet is addressed. An ontological architecture for knowledge management that resembles to our proposed framework has been proposed by ( Brandt et al. 2007 ) and illustrated in the context of chemical engineering processes. The application and the extension of their ontological concepts to system engineering domain were among our initial research investigation. This survey is not exhaustive, we have discussed the important projects that guides our modeling choices, there are several recent research approaches pointing in this direction; that is exploiting ontological engineering and semantic web technologies to improve engineering processes.
Conclusion
System engineering processes implies the management of information and knowledge and could be considered as a knowledge production process. The main objective of this chapter is to present our ongoing work concerning the validation of our ontological based framework for experience capitalization and reuse. A principal strand of future research is the application of this modeling framework in the context of an engineering organization to trigger further improvement. We plan also to use the same framework for capturing "best practices" knowledge. The problem of providing a knowledge management interface integrated to existing system engineering support tools is also under investigation.
